A simple in situ visual and tristimulus colorimetric method for the determination of trace arsenic in environmental water after collecting arsenic on a test paper impregnated with mercury(II) bromide and rosaniline chloride by its reduction aeration has been developed. The color development on the test paper is based on the formations of AsH(HgBr)2 (yellow) and/or As(HgBr)3 (brownish yellow) by a reaction between mercury(II) bromide and arsine (AsH3), which is produced through the reduction of As(III) (arsenite ion) and/or As(V) (arsenate ion) in a sample solution. To a sample solution, potassium iodide, tin(II) chloride, zinc sand and 4 ml of 6 M hydrochloric acid solution were added successively. The liberated arsine was collected on the test paper. The yellow or brownish-yellow color intensity on the test paper was measured by a tristimulus colorimeter and also by a visual method. The established method is applicable to the determination of arsenic in environmental water sample such as river, brackish, and seawater types.
Introduction
It has been well-known that arsenic is a ubiquitous element, and is usually present in soils due to both natural (association with sulfide ores and manganese or iron oxides) and anthropogenic sources (agricultural and industrial applications). 1, 2 In natural water, arsenic exists as a variety of forms in trivalent, arsenic(III), and pentavalent, arsenic(V), oxidation states, as well as soluble-, particulate-, and organic-bound substances. Its occurrence and behavior depend on various factors such as adsorption-desorption, precipitation-dissolution, oxidationreduction, biological activity, and geochemical characteristics of aquifer materials. [3] [4] [5] [6] Generally, arsenic(V) is more prevalent in oxic water, while arsenic(III) is more likely to occur in anoxic water. That is, the actual oxidation states are controlled by the redox environment in the water systems. 6 The oxidation states of arsenic play important roles in the toxicity as well as in its behavior in aquatic systems. [7] [8] [9] [10] Inorganic arsenic(III) is considered to be much more toxic than inorganic arsenic(V). Furthermore, inorganic arsenic compounds are more toxic than organic arsenic compounds. The naturally occurring organoarsenic forms are usually found to be relatively nontoxic in aquatic environments.
Various analytical techniques are available for the determination of arsenic. Arsenic in water is conventionally determined by some spectrometric techniques, such as visible, atomic absorption, and atomic emission spectrometry. 11, 12 Hydride generation-atomic absorption spectrometry (HG-AAS) is one of the widely used methods for arsenic speciation due to its high sensitivity, low detection limit and high selectivity. [13] [14] [15] [16] Flow-injection hydride generation AAS, 17 graphite-furnace AAS, 18 microprocessor-based flow-injection analysis system, 14 ion-exchange separation followed by AAS, 19 inductively coupled plasma-atomic emission spectroscopy, 20 and the molybdenum blue method 21 have also been used for the determination of arsenic in different types of samples. These methods for the determination of arsenic used in most of laboratories are very expensive and highly technical, and also need well-trained personnel for operation and maintenance. Various techniques have been developed for the determination of arsenic with their own advantages and limitations. However, research efforts are still needed to develop inexpensive, rapid, sensitive, and reproducible methodologies for the determination of trace amounts of arsenic in environmental water. 7 Field-test kits are one of the simple ways for the detection of arsenic (Gutzeit method). 22 This method is based on the reaction of arsine gas with mercury(II) bromide. Arsenic in water is visually determined by this method, which is compared with the standard color calibration chart. In recent years, some scientists have opinioned that more accurate results might be obtained, if the color is measured by an electronic instrument. 22 Recently, the application of solid-phase enrichment techniques to trace-metal analysis has been extensively developed. The direct analysis of solid samples is convenient because of its simplicity and rapidity for routine analyses. Yoshimura et al. used an ion-exchanger for the colorimetric determination of metal ions. 23 Although the use of a tristimulus colorimeter is very restricted from the viewpoint of analytical quantification, it is widely adopted for industrial investigations for estimating the surface color on dyed or painted materials.
Among proposed color speciations, the L*a*b* system is the most popular. 25 The solid-phase colorimetric method based on a tristimulus chromaticity diagram has been developed and successfully applied to the simultaneous determination of iron(II) and iron(III) as well as cobalt(II) and nickel(II) based on the L*a*b* chromaticity diagram system. 24, 26 Mercury in water samples was complexed with thiothenoyltrifluroacetone (STTA) and collected on a membrane filter paper for subsequent solidphase colorimetry. For the quantification of yellow mercury(II) complexes, a tristimulus chromaticity diagram based on the L*a*b* system was used; the measured net +b* values corresponded to the quantity of mercury on the filter. 27 Zenki and his co-workers carried out the determination of alkylbenzenesulfonate (ABS) using solid-phase tristimulus colorimetry and polyurethane foam as an adsorbent. The proposed method was successfully applied to the determination of ABS in pond and river-water samples. 28 The aim of the present work is to develop an inexpensive, sensitive, and simple method for the determination of trace inorganic arsenic [total of arsenic(III) and arsenic(V)] in environmental water samples. In the proposed method, arsenic was reacted with potassium iodide, tin(II) chloride, zinc sand, and hydrochloric acid to generate arsine gas. This arsine gas was collected on a test paper impregnated with mercury(II) bromide and rosaniline chloride to produce a yellow-brown color spot. Rosaniline chloride impregnated in the test paper was found to make the color spot stable. This stabilization of color development enabled us to apply a tristimulus colorimetry for the determination of trace inorganic arsenic in water. The color intensity and stability of the arsenic test spot obtained in the proposed method provided better results than those in the conventional visual method.
The established visual and tristimulus colorimetric method has some advantages of low cost, rapidity, simplicity, and accuracy. It is applicable for the determination of arsenic in environmental water samples as an in situ visual method by human eyes in field work and as a more precise method using a tristimulus colorimeter in the laboratory, respectively. This method was successfully applied to brackish-water samples to clarify the behaviors of inorganic arsenic in brackish lakes.
Experimental

Reagent and apparatus
An arsenic(III) standard solution (1000 mg/l) was prepared by dissolving 0.1320 g of diarsenic trioxide, As2O3 (Kanto Chemicals, Tokyo) in 10 ml of 1 M sodium hydroxide solution, diluting it with water and then adding 10 ml of 2 M hydrochloric acid, and diluting to 100 ml with distilled deionized water.
The arsenic(III) standard solution was prepared every month. The working standards were prepared by appropriate dilution of the stock solution. The distilled deionized water used for arsenic(III) was purged with nitrogen gas to remove oxygen prior to use.
An arsenic(V) standard solution (1000 mg/l) was prepared by dissolving 0.2403 g of potassium arsenate, KH2AsO4 (Wako Pure Chemicals, Tokyo) in water, adding 10 ml of 2 M hydrochloric acid, and diluting to 100 ml with deionized water. Arsenic(V) standard was prepared every two months. The working standards were prepared in the same way as for arsenic(III).
A mercury(II) bromide solution was prepared by dissolving 5 g of mercury(II) bromide, HgBr2 (Kanto Chemicals, Tokyo) in 99.5% ethanol, and diluting to 100 ml with ethanol.
A rosaniline chloride solution (0.001%) was prepared by dissolving 0.001g of rosaniline chloride (Kanto Chemicals, Tokyo) in 99.5% ethanol, and diluting to 100 ml with ethanol.
Artificial seawater (salinity 34‰) was prepared by dissolving NaCl (23.477 g), MgCl2 (4.981 g), Na2SO4 (3.917 g), CaCl2 (1.102 g), KCl (0.664 g), NaHCO3 (0.192 g), KBr (0.096 g), H3BO3 (0.026 g), SrCl2 (0.024 g), and NaF (0.003 g) in 1 kg of water, according to Lyman and Fleming's procedure. 29 Dilute solutions (salinity 5, 10, 15, 20, 25, and 30‰) were prepared by diluting artificial seawater (salinity 34‰) with water. All of the reagents used were of analytical grade and arsenic free.
An arsine gas generation apparatus (Sibata Scientific Technology, Tokyo) was used to generate arsine gas.
A tristimulus colorimeter (Spectrophotometer CM-2600d, Minolta, Tokyo) was used for measuring the color intensity of the arsenic test spot.
Principles of tristimulus colorimetry
In tristimulus colorimetry, the L*a*b* color space is the most popular color space. In the L*a*b* color space, L* represents lightness and a* and b* represent chromaticity. 30 In this chromaticity, a* and b* indicate color directions: +a (red direction), -a* (green direction), +b (yellow direction), and -b* (blue direction). In the L*a*b* color space, a color difference can be expressed as a single numerical value, ∆E*, which is defined by the following equation, (1) where ∆L*, ∆a*, and ∆b* indicate differences in the L*, a*, and b* values between the specimen color and the target color, respectively. In this study, the ∆E* value was obtained by measuring the color intensity with a tristimulus colorimeter.
Standard procedure a) Preparation of a mercury(II)-impregnated paper.
A thick chromatographic filter paper (No. 51A, Toyo-Roshi, Tokyo) was cut into square of 18 mm × 18 mm size. The square paper was dipped in a mercury(II) bromide solution for 1 h in a dark place; the paper was then picked up with a spatula and air-dried by placing it in air for 1 h in a dark place. Furthermore, this paper was dipped in a 0.001% rosaniline chloride solution for 3 min and picked up with a spatula and dried in a dark place. The mercury(II)-impregnated paper (test paper) was used for the collection of arsenic within 48 h. It should be handled with forceps to set up the apparatus and not touched with the hand. Since mercury(II) bromide is very sensitive to light, one should avoid exposing test paper to direct sunlight b) Procedure for the collection and determination of arsenic. The generation of arsine and its collection on test paper were made using an arsine generation apparatus, as shown in Fig. 1 . A test paper was set between the joints of the lower and upper tubes (C and D, respectively, in Fig. 1 ), and both joints were tightened with a stainless-steel clamp (H). A sample solution (15 ml) was taken in the container (A). To the solution, 0.1 g of potassium iodide, 0.1 g of tin(II) chloride, 1.0 g of zinc sand, and finally 4.0 ml of 6 M hydrochloric acid were added successively. The lower and upper tubes (C and D) with the test paper were connected to the container immediately after adding 6 M hydrochloric acid. It was allowed to stand for 30 min to generate arsine from solutions containing arsenic(III) and/or arsenic(V). The arsine alone was collected by the test paper, when a mixture of liberated arsine and hydrogen gases was passed through it. After arsine generation had finished, the test paper was removed from the apparatus. The generated arsine produced a yellow, brownish-yellow or brownish spot on the test paper according to the concentration of arsenic [total of arsenic(III) and arsenic(V)]. The developed color intensity was measured by tristimulus colorimetry and also judged quantitatively by human eyes. The yellow, brownish-yellow or brownish color spot was stable for at least 4 days. If the sample solution contained sulfide ion, an exhaust tube (B), which was packed with lead acetate-impregnated glass wool (F), was put between the lower tube (C) and the sample container (A) to prevent the interference of hydrogen sulfide generated from the solution.
Results and Discussion
Reaction time for arsine gas generation
The reaction times for the generation of arsine gas from solutions containing 20 µg/l of arsenic(III) and arsenic(V) were examined. The results are illustrated in Fig. 2 . The ∆E* values for arsenic(III) and arsenic(V) increased with increasing the reaction time up to 20 min and 30 min, respectively. The optimum reaction time was longer for arsenic(V) than for arsenic(III). The reaction time needed at least 30 min for arsenic(III) and arsenic(V) to simultaneously reach the maximum ∆E* value. Therefore, the reaction time for the complete generation of arsine gas from a solution containing arsenic(III) and/or arsenic(V) was set at 30 min in this study.
Effect of hydrochloric acid on arsine gas generation
The effect of the amount of 6 M hydrochloric acid on arsine gas generation of the test spot was examined using solutions containing 20 µg/l of As(III) and As(V). The results are shown in Fig. 3 . The ∆E* values increased with increasing the amount of 6 M hydrochloric acid up to 3 ml. The maximum and constant ∆E* values for arsenic(III) and arsenic(V) were obtained between 3 ml and 7 ml. Therefore, the amount of 6 M hydrochloric acid in this study was set at 4.0 ml.
Effect of zinc on arsine gas generation
Hydrogen generated by the reaction between zinc and hydrochloric acid plays important two roles in the proposed method: one is a reagent for forming arsine from arsenic(III), and the other is a gas for purging arsine formed from sample solutions. Hydrogen generation was examined using zinc powder (75 -100 µm) and zinc sand (590 -1410 µm). The dissolution of zinc powder was very rapid, and the duration of hydrogen generation was too short to quantitatively purge arsine from sample solutions. Zinc sand gave slower hydrogen generation and was available for the quantitative purging of arsine. Therefore, zinc sand was used in this study.
The effect of the amount of zinc sand on arsine gas generation was examined over the range between 0.5 g and 3.0 g of zinc sand. Figure 4 shows the results of this effect. The ∆E* values for arsenic(III) and arsenic(V) increased with increasing the amount of zinc up to 0.5 g and 1.0 g, and became almost constant by more than 1.0 g for both cases. In solutions containing more than 2.0 g of zinc, hydrogen gas was generated suddenly and vigorously. Therefore, the amount of zinc sand was fixed at 1.0 g in this study.
Effect of potassium iodide on arsine gas generation
The effect of iodide ion on arsine gas generation was examined in the range between 0.05 g and 0.3 g of potassium iodide. The ∆E* values slightly increased with increasing the amount of potassium iodide up to 0.05 g, and the maximum and constant ∆E* values for arsenic(III) and arsenic(V) were obtained between 0.05 g and 0.3 g. Usually, iodide ion is used for the reduction of arsenic(V) to arsenic(III). However, iodide ion seemingly served for reducing both arsenic(III) and arsenic(V) to arsine, because the addition of a small amount of potassium iodide lead to a slight increase in the ∆E* values for arsenic(III) and arsenic(V). Thus, the amount of potassium iodide was fixed at 0.1 g.
Effect of tin(II) chloride on the reduction of arsenic(III) and arsenic(V)
The effect of tin(II) ion on reduction of arsenic(III) and arsenic(V) was examined over the range of 0.03 g to 0.3 g of tin(II) chloride. As can be seen in Fig. 5 , the ∆E* values for arsenic(III) and arsenic(V) increased with increasing the amount of tin(II) chloride up to 0.05 g, and the maximum and constant ∆E* values were obtained between 0.05 g and 0.30 g. Thus, more than 0.05 g of tin(II) chloride was sufficient for the determination of arsenic. In this study, 0.1 g of tin(II) chloride was used for the quantitative reduction of arsenic(III) and arsenic(V).
Interferences of diverse ions with arsenic determination
A study on the effect of diverse ions was carried out using 15 ml of 20 µg/l arsenic(III) and arsenic(V) solutions containing diverse ions.
Chloride ion did not interfere with the determination of arsenic(III) and arsenic(V) at concentrations up to 20 g/l. Magnesium, sodium, potassium, and sulfate ions up to 10 g/l and bicarbonate up to 1 g/l did not interfere with the determination. The effects of heavy metals were also examined. Iron(III) and cadmium ions slightly depressed the recovery at the higher than 1 mg/l. However, cupper(II) and nickel(II) ions did not affect the recovery up to 1 g/l.
For the purpose of applying the proposed method to environmental water, such as brackish water and seawater, the influence of salinity on the determination of arsenic was examined by using artificial seawater (salinity 34‰) and its dilute solutions (salinity 5, 10, 15, 20, 25, and 30‰). Seawater usually contains sodium, magnesium, calcium, chloride and sulfate ions at extremely high levels (g/l order), while these ions universally exist in fresh river water and lake water only at low levels (mg/l order). The determination of arsenic(III) and arsenic(V) in solution were not influenced by the variation of the salinity (salinity 5, 10, 15, 20, 25, and 30‰), and even by high salinity (34‰), such as that of seawater. Therefore, the proposed method can be used for the determination of arsenic in brackish and seawater samples as well as in fresh water samples.
The interference of sulfide ion with the determination of arsenic was also studied, because sulfide ion in acidic solution turns into hydrogen sulfide to be liberated as its gas from the solution. Sulfide ion, even at low concentration, such as 1 mg S/l, gave serious interference in the determination of arsenic. That is, liberated hydrogen sulfide gas reacted with mercury(II) impregnated in the test paper to give black mercury(II) sulfide, which destroyed the original color of the test spot.
Suppression of interference of sulfide with arsenic determination
Suppression of the interference of hydrogen sulfide by lead acetate-impregnated glass wool was examined using solutions containing 0 -50 mg/l of sulfide ion. Glass wool, ca. 1.0 g, was immersed in 1, 3 and 5% of lead acetate solutions for 30 min. The lead acetate-impregnated glass wool was packed in an exhaust tube (Fig. 1, B) . The height of the glass wool placed in the tube was 2.5 -3.0 cm. When 50 mg/l of sulfide ion was present in a sample solution, the glass wool immersed in 1% lead acetate solution (1% Pb-glass wool) suppressed sulfide interference, and 3% Pb-glass wool and 5% Pb-glass wool gave good same results as 1% Pb-glass wool. Thus, in this study, 3% Pb-glass wool was used to suppress sulfide ion interference. In natural water, arsenic is usually present at the microgram per liter level. Therefore, this method is very effective for the determination of arsenic in the field.
Stability of color developed on a test paper
The stability of color developed on a test paper was examined by using paper impregnated with rosaniline chloride in addition to mercury(II) bromide. The test paper, which had been impregnated with mercury(II) bromide, was dipped in 0 -0.0015% rosaniline chloride for 3 min. When rosaniline chloride was not impregnated in the test paper, the ∆E* value rapidly decreased within 4 days. On the other hand, when rosaniline chlorideimpregnated test paper was used, the ∆E* values were constant for 4 days. The best test spot was obtained in the case of the test paper being dipped in a 0.001% rosaniline chloride solution. The yellow or brownish-yellow test spot was easily and visually distinguished from the background color (red purple) of rosaniline chloride. Therefore, a 0.001% rosaniline chloride solution was chosen as the optimum condition for the test paper.
Calibration graph, recovery, and other factors
The calibration graphs for arsenic(III) and arsenic(V) are shown in Fig. 6 . The ∆E* value increased linearly with increasing concentrations of arsenic(III) and arsenic(V) up to 30 µg/l, respectively. That is, the calibration curves are linear up to Table 1 . In all cases examined, arsenic [arsenic(III) and arsenic(V)] were quantitatively recovered.
The recoveries of arsenic(III) and arsenic(V) were also examined using brackish water (salinity 4.1 and 34.7‰), to which various amounts of arsenic(III) and arsenic(V) (5 -20 µg/l) were added. As can be seen from Table 2 , arsenic(III) and arsenic(V) were recovered quantitatively from the solutions. The analytical results by the proposed method were in good agreement with those of the conventional method (hydride generation-atomic absorption spectroscopic method). 16 The relative standard deviation was 3.0 -7.4%, which was evaluated as the result of five independent measurements for 10, 20 and 30 µg/l of arsenic(III) and arsenic(V).
Recommended procedure for a visual determination
The procedure for a visual determination of arsenic is the same as that of the established tristimulus colorimetric method. In order to determine arsenic in sample solutions, the yellow or brownish-yellow color developed on the test paper was compared with that of the standard series of arsenic(V) concentration, 0 to 200 µg/l. The determination limit of the visual method was 5 µg/l.
The proposed visual determination had the advantages that the yellow or brownish yellow color of the test spot was easily distinguished from the background color because the background color of the rosaniline chloride-impregnated test paper was red-purple.
When test paper that was not impregnated with rosaniline chloride was used for a visual determination, it was very difficult to distinguish the color of the test spot from the background color (white) of the paper, especially at low arsenic concentrations. The standard series was stable for at least 4 days.
The concentrations of arsenic in environmental water samples, such as brackish water obtained by the proposed visual method, were in good agreement with those by the proposed tristimulus colorimetric method, as can be seen from Table 2 .
Application to environmental water analysis
The proposed tristimulus colorimetric method and visual method were applied to brackish water samples taken from a dredged region (water depth, 16 m) in the brackish Lake Nakaumi, Japan, on May 12th and July 24th, 2003. After collecting water samples, they were brought back to the laboratory and filtered; then, the total arsenic was determined by both methods. Figure 7 shows the vertical distribution of total arsenic in brackish Lake Nakaumi. From the late spring until autumn, stable strata of water are usually formed in this area, due to the sinking of seawater into the hypolimnion and the introduction of river water (fresh water) into the epilimnion. An oxic/anoxic interface existed at around 4 m water depth because of stagnation in the hypolimnion. 31 In May, the arsenic concentration was almost constant, about 2 µg/l, at the depths in both oxic epilimnion (water depth above 4 m) and hypolimnion (water depth below 4 m). However, in July the arsenic concentration was constant, 2.6 µg/l, in oxic epilimnion, but increased substantially to 3.5 to 5.5 µg/l in anoxic hypolimnion. The accumulation of arsenic in the anoxic hypolimnion may be due to the release of arsenic(III) from the lake bottom sediment, 5 which was in remarkably reduced aquatic environments. Further studies on the behavior of arsenic in oxic and anoxic aqueous environments are currently in progress.
The visual method was also applied to the same samples obtained from Lake Nakaumi. The arsenic concentrations in all samples taken in May were lower than the determination limit of this method (5 µg As/l). On the other hand, in the samples taken in July the arsenic concentrations were lower than 5 µg/l for water depths above 9 m, and about 5 µg/l for those lower than 11 m.
Conclusion
It can be stated that the proposed methods for trace arsenic in natural water using tristimulus colorimetry as an instrumental analysis and human eyes as a visual analysis are inexpensive, rapid, accurate, and simple. Thus, these methods can be applied to the field analysis of water samples. However, it is also 169 ANALYTICAL SCIENCES JANUARY 2004, VOL. 20 Fig. 7 Vertical distribution of arsenic in brackish Lake Nakaumi. The water samples were taken from the lake on May 12 ( ) and July 24 ( ), 2003.
